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ABSTRACT
High lithium-7 (7Li) abundances in giants are indicative of non-standard physical processes affect-
ing the star. Mechanisms that could produce this signature include contamination from an external
source, such as planets, or internal production and subsequent mixing to the stellar surface. However,
distinguishing between different families of solutions has proven challenging, and there is no current
consensus model that explains all the data. The lithium-6 (6Li) abundance may be a potentially impor-
tant discriminant, as the relative 6Li and 7Li abundances are expected to be different if the enrichment
were to come from internal production or from engulfment. In this work, we model the 6Li and 7Li
abundances of different giants after the engulfment of a substellar mass companion. Given that 6Li
is more strongly affected by Galactic chemical evolution than 7Li, 6Li is not a good discriminant at
low metallicities, where it is expected to be low in both star and planet. For modeled metallicities
([Fe/H]> −0.5), we use a “best case” initial 6Li/7Li ratio equal to the solar value. 6Li increases sig-
nificantly after the engulfment of a companion. However, at metallicities close to solar and higher,
the 6Li signal does not last long in the stellar surface. As such, detection of surface 6Li in metal-rich
red giants would most likely indicate the action of a mechanism for 6Li-enrichment other than planet
engulfment. At the same time, 6Li should not be used to reject the hypothesis of engulfment in a
7Li-enriched giant or to support a particular 7Li-enhancement mechanism.
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1. INTRODUCTION
Lithium-7, one of the two stable isotopes of lithium
(Li), was produced right after the Big Bang, and it is
used to understand element production in the early Uni-
verse (Coc et al. 2014), diagnose mixing in stellar inte-
riors (Pinsonneault 1997), and study galactic chemical
evolution (Prantzos et al. 2017), among other applica-
tions.
In low-mass stars, Li is destroyed in the interior during
the main sequence. When stars evolve to the red giant
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branch (RGB), during the first dredge-up the outer con-
vection zone deepens in mass, diluting the 7Li left close
to the stellar surface. For this reason, high 7Li abun-
dances in giants require the presence of non-standard
mechanisms modifying the abundance of the star.
One possible explanation for high 7Li in the surface
of red giants relies on the efficient transport by extra-
mixing of 7Li produced through the Cameron-Fowler
mechanism (Cameron & Fowler 1971). Another expla-
nation for the enhanced 7Li is the contamination from
a source that preserves or creates 7Li, such as super-
novae (Martin et al. 1994) or substellar companions
(e.g., Siess & Livio 1999). An evolved companion, such
as an asymptotic giant branch star, which produces 7Li
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during its thermal pulses (Sackmann & Boothroyd 1992)
could also be a source of Li. However, the small fraction
of Li-rich giants that have been searched for binary com-
panions do not seem to show evidence for them (Chapter
3.1, Aguilera-Go´mez 2018). Further work is needed to
test this possibility for the majority of red giants.
In Aguilera-Go´mez et al. (2016a), we modeled the en-
gulfment of different planets and brown dwarfs by giant
stars. We found that engulfment of substellar compan-
ions (SSCs) alone can explain 7Li abundances as high as
A(7Li) = 2.21, and that stellar mass and metallicity are
fundamental in defining the expected 7Li abundance in
giants and not misinterpret normal giants as enriched,
or truly anomalous giants as normal. However, as gi-
ants with much higher abundances are found in nature
(e.g. Yan et al. 2018; Deepak & Reddy 2019), either
a completely different mechanism, or a combination of
different 7Li sources is still needed to explain the entire
population.
Other observational indicators can be used to dis-
tinguish between different 7Li replenishment scenarios.
The evolutionary phase of the enriched giants is an im-
portant indicator of the physical conditions where the
enrichment is produced. Some works, such as Deepak
& Reddy (2019) and Casey et al. (2019), argued that
most of these unusual giants are located in the hori-
zontal branch. This could point to a mechanism of 7Li
enrichment working during or close to the RGB tip, dur-
ing the helium flash. On the other hand, measurements
of the stellar rotation (Carlberg et al. 2012), beryllium
surface abundance (Takeda & Tajitsu 2017), and carbon
isotopic ratio (Tayar et al. 2015) could all be fundamen-
tal in finding the mechanism behind the 7Li-enrichment.
Another potentially important probe could be 6Li, the
far-less-abundant stable isotope of Li, thought to be pri-
marily produced by cosmic ray spallation (Meneguzzi
et al. 1971).
As 6Li is destroyed in stellar interiors at even lower
temperatures than those required to burn 7Li (Brown
& Schramm 1988), standard stellar evolutionary models
predict much more severe burning of 6Li than 7Li at any
evolutionary state (Proffitt & Michaud 1989), and very
low surface 6Li abundances during the RGB.
In contrast, planets and brown dwarfs preserve their
initial 6Li, so the abundance of this isotope should be
higher in giants that have engulfed their companions.
On the contrary, the Cameron-Fowler mechanism is not
able to produce 6Li. Thus, it may be possible to use 6Li
1 A(x)=log(nx/nH) + 12
to identify candidates of planet engulfment (Charbonnel
& Balachandran 2000).
Because of the large constrast of 6Li pre and post-
engulfment, the planet signal could be easier to detect
than that of 7Li. However, at lower metallicities, chem-
ical evolution effects predict very low birth planetary
abundances, complicating observations, and the fragility
of 6Li implies that it could be burned even where 7Li is
stable. To test these issues and analyze if 6Li can ef-
fectively be used as a diagnostic of engulfment for all
giants, we model the abundance of 6Li after the engulf-
ment of SSCs of different properties (Section 2). The
resulting 6Li surface abundance (Section 3) shows that
stellar metallicity plays an important role in the burning
of 6Li under convective conditions, with higher metallic-
ity stars burning very rapidly its original 6Li and that
deposited by the planet. As a consequence, the absence
of this isotope in the surface of 7Li-rich giants cannot
be used to reject the SSC engulfment hypothesis. We
analyze in detail this result in Section 4, to finally sum-
marize in Section 5.
2. MODELS
We follow a similar procedure to that described in
Aguilera-Go´mez et al. (2016a). We refer the reader to
that work for an in-depth analysis of the assumptions,
the calculation of point of SSC dissipation in stellar in-
teriors, and the parameters used in our grid of stellar
models.
In summary, we use a post-processing approach, where
standard stellar evolution models are used as a base to
later implement the engulfment and thus there is no
feedback from the planet ingestion process. Standard
stellar models are obtained with the Yale Rotating Evo-
lutionary code (Pinsonneault et al. 1989).
The modeled stellar mass goes from 1.0 to 2.0 M.
Metallicities range from [Fe/H]=−0.5 up to [Fe/H]=0.18
and giants are evolved up to the tip of the RGB. We
do not consider lower metallicities because the nor-
mal Galactic chemical evolution trends would predict
a smaller than solar birth 6Li/7Li ratio. In such stars,
an engulfed planet is likely to supply little 6Li due to its
low birth 6Li. Thus, the low overall 6Li would make this
signal impossible to observe. Low metallicity stars are
also known to experience severe in-situ Li depletion on
the giant branch. This combination makes 6Li a poor
discriminant for metal-poor progenitors, and we there-
fore focus on higher metallicity stars.
The 6Li in stellar interiors is burned through the re-
action
6Li + H→ 3He + 4He, (1)
with reaction rates from Lamia et al. (2013).
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Regarding the stellar initial abundance of 6Li in our
models, we consider a fixed meteorite Li isotopic ratio
6Li/7Li = 0.082 (Chaussidon & Robert 1998). Because
the abundance of 6Li should increase with metallicity
due to the contribution of cosmic ray spallation (e.g.
Prantzos 2012), the birth 6Li is expected to be lower at
lower metallicity. We therefore regard this as an opti-
mistic or limiting case scenario, where engulfed objects
will give the maximum signal. We note, however, that
our differential depletion calculations are independent
of the assumed birth ratio, given that the 6Li and 7Li
depletion factors, defined as the fraction of initial Li re-
maining in the surface of the star, are independent of
the birth values.
The initial 6Li value is set before the expected phase
of Li burning in the pre-main sequence, thus, the Li iso-
topic ratio can drastically change in this phase. Figure
1 shows the burning of Li in the pre-main sequence for
stars of different mass and metallicities of [Fe/H]=−0.5
(top) and [Fe/H]=0.0 (bottom panel). Higher-mass
stars preserve their 6Li/7Li, while there is more burning
in solar metallicity stars.
Notice that the chosen time resolution of the models
could change the surface Li abundance in certain models
and by using specific settings (Lattanzio et al. 2015).
Here, we test if decreasing the timestep can significantly
modify our results, finding that the time resolution only
produces slight changes in the abundance.
To better control for the effect of Li burning previous
to the RGB phase, we quantify the Li abundances at the
zero-age main sequence. Although there is some burn-
ing of 6Li during the main sequence, the main depletion
process takes place before that. Figure 2 shows the 7Li
and 6Li depletion factors at the zero-age main sequence,
for stars of different masses and metallicities. There is
little to no depletion at higher masses, but important de-
pletion for 6Li at low masses at any metallicity. 7Li also
burns considerably in low-mass stars at higher metallic-
ities.
For the SSC, we use a fixed ratio between 6Li mass
fraction and metals equal to the Solar System meteoritic
value. Thus, all SSCs have the same X6Li/Z but could
have a different metal content, changing its mass frac-
tion of 6Li.
The metal content of SSCs depends on their mass. We
use three different mass regimes. Brown dwarfs (15 MJ)
can have two different compositions, solar metallicity
Z = Z, or brown dwarfs enhanced in metals. Planets
(0.01 MJ to 15 MJ) are taken to be enhanced in metals
as well. Rocky planets (Mass smaller than 0.01 MJ),
which include Earth-type objects are considered to have
a much higher metal content of Z = 1.
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Figure 1. 6Li (black) and 7Li (blue) in the pre-main
sequence of stars of 4 different masses, at metallicities
[Fe/H]=−0.5 (top panel) and [Fe/H]=0.0 (bottom panel).
Results in Aguilera-Go´mez et al. (2016a) show that
very massive brown dwarfs end up dissolving in the ra-
diative interior rather than in the convective envelope.
Because of that, we decide to model SSC masses up to
15 MJ. It is important to notice that at higher metallic-
ities the maximum mass of a companion that still dis-
solves in the convective zone increases (Aguilera-Go´mez
et al. 2016b).
3. 6LI ABUNDANCE EVOLUTION
We begin by considering the engulfment of four differ-
ent SSCs by 1.3 M and 1.8 M red giants of [Fe/H]=
−0.5, and a 1.7 M of [Fe/H]=0.05. The companions
correspond to a 15 MJ brown dwarf with Z = Z, a
15 MJ brown dwarf with Z = 2.5Z, a Jupiter-like
planet, and an Earth-like planet.
The evolution of the 6Li/7Li surface ratio for these
stars can be seen in Figure 3 as a function of luminos-
ity and log g. The initial 6Li in the main sequence can
be lower than the meteoritic value due to pre-main se-
quence burning. The 6Li/7Li ratio decreases during the
first dredge-up (log g ∼ 3.5), as expected. Dilution in
the convective envelope decreases the abundance of 7Li
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Figure 2. 6Li (black) and 7Li (blue) depletion factors at
the zero-age main sequence (i.e., due to pre-main sequence
evolution) for stars of different masses. The panels show
results for specific metallicities.
and 6Li. However, the decrease in their ratio is produced
because right below the convective envelope, 6Li burns
more rapidly than 7Li. When the first dredge-up mixes
that material into the surface, the 6Li is reduced by a
larger amount than 7Li.
The ratio 6Li/7Li increase after the engulfment of
planets (in our models here, arbitrarily chosen to oc-
cur at log g ∼ 2.8). The 6Li enrichment is larger for
the brown dwarf with high Z, while Earth-like planets
barely increase the original 6Li.
For giants in the modeled metallicity range, 6Li burn-
ing can be significant during the dredge-up and RGB.
We can see this in the 1.7 M star in Figure 3. Thus,
there are some differences in the 6Li after engulfment
in the star when planets are accreated at different lo-
cations along the RGB. Later engulfment times imply
larger 6Li.
The resulting 6Li is mass and metallicity dependent.
In Figure 3, we see almost no burning post-engulfment
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Figure 3. Surface 6Li/7Li evolution in a 1.8 M star (top
panel) and a 1.3 M star (middle panel) of [Fe/H]=−0.5,
and a 1.8 M giant of [Fe/H]=0.05 (bottom panel) after the
engulfment of 4 different SSCs. The evolution starts right
before the end of the main sequence and ends at the tip of
the RGB.
in the 1.8 M, [Fe/H]= −0.5 giant and severe burning
in the 1.7 M, metal-rich star.
Figure 4 shows a map of 6Li/6Li0 in standard stars
of different masses and metallicities, without planet en-
gulfment. We obtain in our models the 6Li abundance
at the tip of the RGB in stars of the grid (small circles
in the figure). This grid is then interpolated to produce
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Figure 4. Top right panel: Histogram of the metallicity distribution of giants with measured 7Li, all of them concentrating
towards higher metallicities. Bottom left panel: Standard surface 6Li/6Li0 abundance of stars of different masses and metallic-
ities. This map considers no engulfment of SSCs. Bottom right panel: Surface 6Li/6Li0 abundance of stars of different masses
and metallicities after the engulfment of a 15 MJ brown dwarf enhanced in metal content. In these color maps, grid points are
marked with black circles, and the 3 white contours indicate where log(6Li/6Li0) =-3, -5 and -10 from left to right. Stars of
higher metallicities burn very rapidly their 6Li content, as well as any additional 6Li incorporated by the ingestion of a SSC.
the map color-coded by 6Li/6Li0. For metal-poor stars,
a small amount of 6Li is found in the surface of the star,
even without engulfment. However, for metal-rich stars
(solar metallicity and higher), the star reaches the RGB
with low 6Li, which decreases even more after the first
dredge-up. After this stage, 6Li is also burned under
convective conditions, vanishing completely.
Given that the 6Li is so small in the RGB of standard
stars, the engulfment of SSCs could increase substan-
tially the 6Li abundance. We present a map of 6Li/6Li0
for stars of different masses and metallicities in Figure
4, bottom right panel, now considering the engulfment
of a 15 MJ brown dwarf enhanced in metals. The giants
engulf the SSC at the end of the first dredge-up.
Comparing this map to the bottom left panel of Fig-
ure 4, 6Li can increase significantly with engulfment.
However, for metal-rich stars, the incorporated 6Li is
rapidly burned and would not be observed in the stellar
surface. This becomes important when distinguishing
7Li-enrichment mechanisms, since most of these giants
are metal-rich. We show this in Figure 4, top right
panel, where we create an histogram of the metallic-
ity of giants with measured 7Li. No upper limits are
considered when compiling this catalog, which includes
giants from Gilroy (1989); Brown et al. (1989); Jas-
niewicz et al. (1999); Gonzalez et al. (2009); Kumar et al.
(2011); Pace et al. (2012); Carlberg et al. (2012); Lebzel-
ter et al. (2012); Martell & Shetrone (2013); Liu et al.
(2014); Adamo´w et al. (2014); Bo¨cek Topcu et al. (2015);
Luck (2015); Carlberg et al. (2016); Delgado Mena et al.
(2016); Casey et al. (2016); Smiljanic et al. (2018); and
Deepak & Reddy (2019). These measurements are ob-
tained from the literature, and as such are not homoge-
neous. Additionally, some of these sources only report
6 Aguilera-Go´mez et al.
their Li-rich giants and not their entire sample2. As 7Li-
rich giants seem to be more metal-rich, this could bias
our compilation to higher metallicities.
The limiting metallicity at which 6Li could never be
detected post-engulfment due to its rapid burning in-
creases with mass. For 1.0 M, close to [Fe/H]∼ −0.5
we already see significant depletion. In 2.0 M giants,
this limit is closer to solar metallicity.
If 6Li is burned in situ the signal of the planet would
not be detected. In contrast, the 7Li after engulfment
could be preserved in the star during the entire RGB
phase if no extra-mixing decreases its abundance. This
could be the case of more metal-rich stars, where extra-
mixing seems to be less-efficient (Shetrone et al. 2019)
and indicates that even if the giant accreted a planet,
its abundance of 7Li could be high, while its 6Li remains
low.
4. DISCUSSION
As expected, 6Li can increase in a low-mass red giant
after the engulfment of a SSC. However, 6Li is rapidly
burned in stars of higher metallicity, indicating that the
absence of this isotope does not discard the possibility
that the star has accreted a SSC, but if there was an
engulfment event, it did not occur recently. The de-
struction of this isotope at a faster rate than the 7Li
leads to low 6Li, regardless of the A(7Li), not reject-
ing the engulfment possibility (Drake et al. 2002). This
point therefore becomes a crucial one in the quest for the
sources of 7Li enrichment in giants, as most of the giants
that have measured 7Li have higher metallicites. If 6Li
were to be seen at high metallicity, then its most likely
explanation is a source other than an accreted SSC.
At the same time, only the 7Li-rich giants with
A(7Li) < 2.2 can be explained by the engulfment of SSC
(Aguilera-Go´mez et al. 2016a). Therefore, the presence
or absence of 6Li in stars of higher 7Li abundance (e.g.
Monaco et al. 2014) does not give any information on
this particular enrichment mechanism.
In contrast, if 6Li is detected in a relatively metal-
poor giant with A(7Li) < 2.2, this could be due to the
recent contamination of the star by the engulfment of a
SSC. Engulfment could explain both the high 7Li and
6Li abundances at the same time, but there could also
be independent explanations for the enrichment of each
isotope.
6Li can also be produced in stellar flares (Montes &
Ramsey 1998) and galactic cosmic ray interaction with
2 In Aguilera-Go´mez et al. (2016a) we find that not reporting
the entire sample makes it harder to account for the full phe-
nomenology creating Li-enriched giants.
the interstellar medium (Fields & Olive 1999). Although
stellar flares can also produce 7Li, Ramaty et al. (2000)
calculate that the production of the 6Li isotope is much
larger. It is possible that the Sun is producing 6Li
through flares, based on the high abundances found on
the lunar soil (Chaussidon & Robert 1999). However,
no 6Li is found in the surface of the Sun, implying that
even if some part of the 6Li created is preserved in the
photosphere, it is not enough to be measured. In giants,
there is an additional difficulty, given the large convec-
tive envelope that would dilute the 6Li created by any
mechanism, complicating its detectability.
From a purely observational point of view, detecting
the 6Li isotope can be particularly hard, as it manifests
itself as a subtle asymmetry of the 7Li line at ∼ 6708 A˚.
Even a Li isotopic ratio as high as solar can be hard
to detect at solar-like metallicites due to convective line
asymmetries and blends with other lines. There is a
small region of parameter space where the increase in
6Li could be detected, i.e., in higher mass RGB stars
engulfing brown dwarfs companions. These hypothetical
detections of 6Li would be especially interesting in giants
with A(7Li) < 2.2. Giants with more 7Li (and stronger
7Li lines, where the 6Li could be more easily detected)
can be excluded as engulfment candidates solely based
on their 7Li abundances (Aguilera-Go´mez et al. 2016a).
However, not only is the 6Li detection observationally
hard, but also, as the stellar mass increases, the lifetime
a star spends on its RGB phase decreases considerably.
Thus, it is very unlikely to find the higher-mass objects
that could retain part of their 6Li signature.
An interesting solar-metallicity Li-enriched giant is
presented by Mott et al. (2017), with a A(7Li) = 1.69±
0.11 dex. This star has a Li isotopic ratio close to me-
teoritic. Our models confirm that engulfment is an un-
likely explanation for this particular star, that requires
further study.
5. SUMMARY
The fragile 6Li isotope is destroyed at even smaller
temperatures than 7Li. As such, stellar evolution the-
ory predicts stars with small 6Li during the RGB. The
6Li abundance could increase after the engulfment of
SSCs, making 6Li to appear as a good diagnostic for an
engulfment event in giants.
In this work, we found that the 6Li and 6Li/7Li of the
star increases after the engulfment of the companion.
We demonstrate that metal-rich stars burn very rapidly
the 6Li. The limit between stars that preserve and burn
the isotope is mass-dependent.
Given that no 6Li can be found in metal-rich giants
even after planet engulfment, the abundance of this iso-
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tope should not be used as a way to distinguish between
different 7Li-enrichment mechanisms nor as a method
to reject the planet engulfment hypothesis. Moreover,
enrichment of 6Li in low-mass metal-rich giants, is likely
not due to planet engulfment. There is only a very low
probability that we find such an extremelly recent en-
gulfment event, where 6Li is still not burned completely.
Stars with A(7Li) > 2.2 could not be explained by
planet accretion on the basis of their 7Li alone. Thus,
measurements of 6Li in these stars do not really indi-
cate anything about the 7Li enrichment mechanism. In
contrast, finding stars with high abundances of both 7Li
and 6Li in a certain metallicity range could point to
a recent engulfment event. However, a combination of
mechanisms, one to enhance 7Li and another, such as
flares, to increase the 6Li, is still possible, especially if
the star is metal-rich and its 6Li is much less likely to be
explained by accretion. In conclusion, we advise caution
when using 6Li as a diagnostic of engulfment or when
using it to favor a scenario of 7Li enrichment over others.
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